Abstract. Total quenching rate coefficients of Herzberg states of molecular oxygen and three triplet states of molecular nitrogen in the collisions with O 2 and N 2 molecules are calculated on the basis of quantum-chemical approximations. The calculated rate coefficients of electronic quenching of O * 2 and N * 2 molecules show a good agreement with available experimental data. An influence of collisional processes on vibrational populations of electronically excited N 2 and O 2 molecules is studied for the altitudes of high-latitude lower thermosphere and mesosphere during auroral electron precipitation. It is indicated that molecular collisions of metastable nitrogen N 2 (A 3 + u ) with O 2 molecules are principal mechanism in electronic excitation of both Herzberg states c 1 − u , A 3 u , A 3 + u and high vibrational levels of singlet states a 1 g and b 1 + g of molecular oxygen O 2 at these altitudes.
Introduction
The study of electronic kinetics of atmospheric components in the region of high-latitude lower thermosphere and mesosphere (80-100 km) is required for a few reasons. Firstly, high-energetic auroral electrons penetrate to these altitudes causing the type B aurora (Gattinger and Vallance Jones, 1979; Gattinger et al., 1985) . Benesch (1981 Benesch ( , 1983 , Morrill and Benesch (1996) , Kirillov (2008a) have shown that vibrational populations of the triplet manifolds of molecular nitrogen are strongly affected by collision processes at the altitudes. This dependence of vibrational populations of Correspondence to: A. S. Kirillov (kirillov@pgia.ru) electronically excited N 2 on the rates of collisional processes causes a redistribution of First Positive Group (1PG) relative intensities with the increase in the density of the atmosphere.
Secondly, the concentrations of atomic oxygen, nitric oxide and other atmospheric components are rather less than concentrations of N 2 and O 2 and the collisional part of the kinetics of N 2 and O 2 can be considered in the frames of N 2 −N 2 , N 2 −O 2 , O 2 −O 2 collisions. Therefore the conclusions of the studies for auroral ionosphere can be applied to the conditions of a laboratory discharge in a mixture of N 2 and O 2 atmospheric gases and vice versa.
Despite some questions in current understanding of N 2 electronic kinetics and processes related with the nitrogen afterglow in the laboratory (Guerra et al., 2007) , the mixtures of N 2 with O 2 have a more complicated kinetics. Oxygen molecules take part strongly in the quenching of electronically excited states of N 2 , making the overall electronic kinetics depending on the fractions of O 2 and N 2 in the mixture. Several investigators have observed an increase in the N atom concentration in the discharge and in the afterglow when O 2 was added into the active N 2 discharge (Nahorny et al., 1995; Ricard et al., 2001) . When no admixture of O 2 is added, the N atom density is usually very low. Kamaratos (1997 Kamaratos ( , 2006 deduced intensity enhancements of 1PG afterglow emissions of N 2 from experiments when discharged oxygen was added to active nitrogen mixed with oxygen. He believed that the reaction of metastable molecules N 2 (A 3 + u ) and O 2 (a 1 g ) might play a more important role in the formation of N 2 (B 3 g ) in the afterglow stage. Moreover, Kamaratos (2009) pointed out that the role of ground state O 2 in producing N 2 (B 3 g ) in a sprite streamer should also be taken into account. Experimental measurements by Umemoto et al. (2003) have identified a production of N 2 (B 3 g ) in the collisional deactivation of N 2 (a 1 − u , v=0) by different atomic and molecular gases. Their results have clearly shown that N 2 (B 3 g , v=0) is effectively produced in the reactions of N 2 (a 1 − u , v=0) with
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A. S. Kirillov: Electronic kinetics of N 2 and O 2 molecular oxygen but the production by N 2 molecules is minor. When two oxygen atoms recombine in three-body collisions at the altitudes of lower thermosphere and mesosphere (85-100 km), a significant fraction of produced oxygen molecules have the energy near the dissociation limit (Bates, 1988) . In the earth's atmosphere, nightglow emission is observed from all three Herzberg states of O 2 (A 3 + u , A 3 u , c 1 − u ). The A 3 + u −X 3 − g (Herzberg I), c 1 − u −X 3 − g (Herzberg II) and A 3 u − a 1 g (Chamberlain) electronic transitions cause the dominant emissions in the ultraviolet and blue spectral regions of the nightglow in the earth's atmosphere. Because of long radiative lifetimes of Herzberg states, collisions play a principal role in electronic kinetics of O 2 in the region of lower thermosphere and mesosphere and in their emission intensities. Molecular nitrogen takes part not only in the quenching of the states of O 2 , but also the interaction of metastable nitrogen N 2 (A 3 + u ) with oxygen molecules initiates the dissociative processes (Kirillov, 2008b) .
Main aim of the paper is the study of electronic kinetics of metastable N 2 and O 2 in the region of lower thermosphere and mesosphere. Firstly we suggest a set of calculated quenching rate coefficients for the A 3 + u , c 1 − u , A 3 u states of O 2 and the A 3 + u , W 3 u , B 3 − u states of N 2 . Applying the quenching coefficients we will see in this work that electronic kinetics of N 2 influences on the kinetics of O 2 in high-laltitude lower thermosphere and mesosphere. In order to simplify the study, herein we decided to limit our investigation on the mixture of two gases O 2 and N 2 .
2 Intramolecular versus intermolecular electron energy transfer processes in the quenching of O 2 (c 1 − u , A 3 u , A 3 + u ) and N 2 (A 3 + u , W 3 u , B 3 − u ) Kirillov (2008b) has shown that intermolecular electron energy transfers play a very important role in the processes of the electronic quenching of metastable nitrogen N 2 (A 3 + u ) in the collisions with N 2 and O 2 and singlet oxygen O 2 (a 1 g , b 1 + g ) in the collisions with O 2 . These intermolecular transfers are dominant for many vibrational levels of the considered states of N 2 and O 2 . By the way, very good agreement of the calculated rate coefficients with a few available experimental data was obtained in that paper.
Here we continue similar estimations of total quenching rate coefficients for Herzberg c 1 − u , A 3 u , A 3 + u states of molecular oxygen and for the A 3 + u , W 3 u , B 3 − u states of molecular nitrogen according to analytical expressions of Kirillov (2004a) . As in Kirillov (2008b) we use analytical expressions for the rate coefficients of electronic quenching in molecular collisions based on quantum-mechanical LandauZener and Rosen-Zener approximations and presented by Kirillov (2004a) . These approximations are very useful in the cases of the crossing and non-crossing of potential surfaces for atom-molecular collisions (see Fig. 8 of Nakamura, 1992, or Fig. 1 of Zhu and Lin, 2006) . We apply the LandauZener approximation for the non-adiabatic transition in the case of the crossing and the Rosen-Zener approximation in the case of the non-crossing.
Herzberg states of O 2 arise from the same molecular orbital configuration 1σ 2 g 1σ 2 u 2σ 2 g 2σ 2 u 3σ 2 g 1π 3 u 1π 3 g . Principal difference of the states consists in the distribution of 6 electrons between π u+ ,π g+ and π u− , π g− valence orbitals (Slater, 1963) . Here the subscripts + and − means "positive" and "negative" orbital projections. For example, the c 1 − u and A 3 + u states have odd numbers of the orbitals with "positive" and "negative" projections, but the A 3 u state has even numbers. We assume in our calculation that there are the transitions between the valence orbitals during molecular collisions. Also we take into account 1π g →1π u transitions with the production of X 3 − g , a 1 g and b 1 + g states. Therefore, our calculation of total quenching rate coefficients for Herzberg states of molecular oxygen in the collisions with O 2 includes contributions of intramolecular and intermolecular processes
where Y,Y are the c 1 − u , A 3 u , A 3 + u states and Z are the a 1 g , b 1 + g states. Results of our calculations of total quenching rate coefficients for Herzberg states of molecular oxygen are plotted in Figs. 1-3. A comparison of the calculated coefficients for the A 3 + u state with experimental data by Knutsen et al. (1994) , Copeland et al. (1994) , Slanger et al. (1984) shows a good agreement for vibrational levels v=6, 7, 9, 10. By the way, Copeland et al. (1994) and Slanger et al. (1984) have obtained lowest limits for the coefficients of v=8 and 10 (Pejacovic et al., 2007, Table 2 ). We have not found good agreement of the calculated coefficients for the c 1 − u state with experimental data by Copeland et al. (1996) and Wouters et al. (2002) . But in any case both experimental and calculated values show some oscillations in the region of v ≥ 8.
The sums of the corresponding contributions of intramolecular (1a) and intermolecular (1b) processes are also presented in Figs. 1-3 . It is seen that intramolecular processes dominate in the quenching of the c 1 − u (v ≥ 3), A 3 u (v ≥ 2), A 3 + u states. Since electron energy of the A 3 + u state of N 2 (∼6.2 eV) is much greater than the energies of highest vibrational levels of Herzberg states of O 2 (∼5.1 eV), so we believe that intramolecular electron energy transfer processes Copeland et al. (1996) and Wouters et al. (2002) (triangles at T =300 K, crosses at T =245 K). Dashed line and dash and three dotted line are the contributions of intramolecular and intermolecular electron energy transfer processes, respectively. dominate in the quenching of Herzberg states by molecular nitrogen. The sums of the contributions of intramolecular processes for the A 3 + u and c 1 − u states are compared with experimental data of Knutsen et al. (1994) and Copeland et al. (1996) 5, respectively. Better agreement of our results with experimental data could be received in the case of a normalising of calculated values by factors 0.6 for the A 3 + u state and 0.8 for the c 1 − u state. As in the case of Herzberg states of O 2 the main difference of the A 3 + u , W 3 u , B 3 − u states of N 2 from the ground X 1 + g state consists in the 1π u → 1π g transition in molecular orbital configuration. The A 3 + u and B 3 − u states are related with even numbers of electrons on "positive" (π u+ , π g+ ) and "negative" (π u− , π g− ) orbitals, but the W 3 u state is specified by odd numbers (Slater, 1963) . The calculation of total quenching rate coefficients for the states of molecular nitrogen in the collisions with N 2 includes contributions of intramolecular and intermolecular electron energy transfer processes
where Y and Y means the A 3 + u , W 3 u , B 3 − u states. It was obtained in the calculation that intramolecular processes are negligible in the excitation of the ground X 1 + g state and related mainly with the 1π u → 3σ g transition producing the B 3 g state. Here we could include the transitions between these three states of the same molecular orbital configuration, but the potential curves of the states have similar values of equilibrium internuclear distances, frequency and anharmonic constants (Lofthus and Krupenie, 1977) and corresponding Franck-Condon factors in the calculation are very small. Results of our calculations for total quenching rate coefficient of N 2 (A 3 + u , v=2-23) in the collisions with N 2 are shown in Fig. 6 and compared with experimental data by Dreyer and Perner (1973) . It is seen that there is a good agreement of theoretical and experimental results in the magnitude and in the tendency of an enhancement with the rise of vibrational level number for v=2-7. Our calculation has pointed out that intermolecular process (3b) with the production of the A 3 + u state dominates in the quenching for vibrational levels v=2-6 of the A 3 + u state. Moreover, it is obtained that the product states X 1 + g , v =1 and A 3 + u , v = v − 2 are principal in the process (3b). This fact is in good agreement with experimental conclusions of Dreyer and Perner (1973) . The sum of the processes (3a) and (3b) with the production of the B 3 g state is mainly responsible for the quenching of vibrational levels v ≥ 7. The efficiencies of the processes depend on vibrational level v. For example, the process (3a) prevails for levels v=14-15 and the process (3b) prevails for level v=16.
Results of our calculations for total quenching rate coefficients of N 2 (W 3 u , v=0-18) , N 2 (B 3 − u , v=0-13) in the collisions with N 2 are shown in Figs. 7 and 8, respectively. It is obtained in the calculations that main contributions in the quenching are from intramolecular processes (3a) and intermolecular processes (3b) with the production of two other states of the same orbital configuration Y .
The contributions of intramolecular and intermolecular electron energy transfer processes in the quenching of the A 3 + u , W 3 u , B 3 − u states are presented in Figs. 6-8. The dominance of intermolecular processes for lowest vibrational levels of the A 3 + u state is similar to the behaviour of the c 1 − u state of O 2 . Both states have lowest electron energy from considered three states of the same molecular orbital configuration of O 2 and N 2 .
Finally we have calculated the quenching rate coefficients for the collision of metastable molecular nitrogen N 2 (A 3 + u ) with the ground state O 2 molecules. The calculation of total quenching rate coefficients includes contributions of intramolecular and intermolecular processes 
where Y means the c 1 − u , A 3 u , A 3 + u , B 3 − u states of molecular oxygen. The calculated total quenching rate coefficients for N 2 (A 3 + u , v=0-23) are compared with experimental data by Dreyer et al. (1974) ; Thomas and Kaufman (1985) ; De Benedictis and Dilecce (1997) the dissociation of oxygen molecule is described by Kirillov (2008b) .
Model
The model of vibrational populations of electronically excited states of N 2 and O 2 is similar to the one by Kirillov (2008a) . Here we consider three principal processes responsible for the electronic excitation and quenching of triplet N 2 and electronically excited O 2 :
1. The electronic excitation by auroral electron impact
where
where γ =a 1
As in Kirillov (2008a) we apply the method of "excitation energy costs" in the estimation of the rates of electronic excitation by electron impact.
Spontaneous radiative transitions
for molecular nitrogen and
for molecular oxygen. The sign ± in the processes (7a-c) means the evidence of direct and reverse spontaneous transitions between considered states.
3. Intermolecular and intramolecular electron energy transfers in molecular collisions described in the Sect. 2 and by Kirillov (2004b Kirillov ( , 2008b .
Spontaneous radiational transitions and intramolecular and intermolecular electron energy transfers are considered as quenching processes for higher states and as excitation ones for lowest states. Einstein coefficients for radiational spontaneous transitions (7a-e) are taken according to Gilmore et al. (1992) . Einstein coefficients for radiational spontaneous transitions (8a-d) and (8e, f) are taken according to Bates (1989) and Vallance Jones (1974, Tables 4.15 and 4.16) , respectively.
Vibrational population of electronically excited N 2
The study of electronically excited N 2 is limited only on five
The quenching rate coefficients of the A 3 + u , W 3 u , B 3 − u states for the collisions N 2 *-N 2 and N 2 (A 3 + u )-O 2 are taken according to Figs. 6-9 and for the N 2 (B 3 g )-N 2 collisions according to (Kirillov, 2004b) . The quenching rate coefficients for lowest vibrational levels v=0, 1 of the N 2 (A 3 + u ) molecule in the collisions with N 2 accepted according to experimental data by Dreyer and Perner (1973) . Intramolecular electron energy transfer process with energetically quasi-resonant vibrational excitation of the ground X 1 + g state with v=25, 26 is the only possible mechanism of the removal. As in Kirillov (2008a) collisional quenching processes for the C 3 u state are not included in this consideration since radiational lifetime is sufficiently less than collisional one for the state at the altitudes of lower thermosphere and mesosphere. Also in contrast with Morrill and Benesch (1996) we do not consider any contribution of E 3 + g and D 3 + u states in vibrational populations of mentioned five triplet states. Excitation rates of these two states according to Sergienko and Ivanov (1993) are too small to be taken into consideration.
In this paper we pay special attention to the presentation of vibrational populations of the A 3 + u state of N 2 for conditions of auroral lower thermosphere and mesosphere. Metastable molecular nitrogen N 2 (A 3 + u ) could be considered as a possible precursor for important chemical processes (Swider, 1976; Zipf, 1980; . To calculate the population N A v of the vth vibrational level of the A 3 + u state we use the steady-state equation:
where Q A is the production rate of this state by auroral electrons (in cm −3 s −1 ), q A v is the Franck-Condon factor for the transition 
vv and k †YZ vv are the rate coefficients for intermolecular and intramolecular electron energy transfer processes with the quenching of Y,v and the excitation of Z,v , respectively. We suggest to consider the rate of an intramolecular process independent on the kind of the collision with N 2 or O 2 . So the sum of concentrations [N 2 Kirillov (2008a) . The rate coefficients for all intermolecular and intramolecular electron energy transfer processes are presented by Kirillov (2008a) . Results of our calculation are similar to the data presented by Eastes and Sharp (1987) showing rapid decrease in the populations with the rise of vibrational level. Nevertheless, the results shown in Fig. 10 cannot be compared with the data of auroral observations as far as the intensities of VK emissions at the altitudes are much less than in E-region of the ionosphere and the kinetics of the A 3 + u state is specified by collisional processes.
It is seen from Fig. 10 that the processes cause a redistribution of vibrational populations of the A 3 + u state of N 2 with the decrease of the altitude. As in a case with the B 3 g state (see Kirillov, 2008a) there is an enhancement of relative population of high vibrational levels with the rise in atmospheric density. The enhancement can be explained by important role of intramolecular electron energy transfer processes from the B 3 g state and of processes (3a) with Y =W 3 u , B 3 − u (see Figs. 7 and 8) . Therefore the collisional processes could be responsible for a change of relative intensities of bands in VK and 1PG systems of molecular nitrogen both in auroral ionosphere and for conditions of a laboratory discharge.
Vibrational population of electronically excited O 2
The study of electronically excited O 2 is limited on five lowest electronically excited states a 1 g (v=0-33), Kirillov (2008b) and described in the Sect. 2.
We assume the main contribution in the excitation of Herzberg c 1 − u , A 3 u , A 3 + u states by auroral electrons is from the Herzberg pseudocontinuum (Schulz and Dowell, 1962; Wakiya, 1978; Shyn and Sweeney, 2000) . Therefore, it is proposed that the excitation rates of vibrational levels of the states are proportional to Franck-Condon factors, but the sums of the factors for every state is far less than 1.
To calculate the population N Y v of the v-th vibrational level of the Y -th electronic state we need a system of steadystate equations for all considered vibrational levels of a 1 g , b 1 + g , c 1 − u , A 3 u , A 3 + u states. So we used in our calculations the following steady-state equations for the five electronic states of O 2 : 
where Q Y is the production rate of the Y-th state by auroral electrons (in cm −3 s −1 ), q Y v is the Franck-Condon factor for the transition X 3 − g , v=0→Y, v, A YZ vv is the spontaneous transition probability for the transition Y, v →Z, v , k * YZ vv and k †YZ vv are the rate coefficients for intermolecular and intramolecular electron energy transfer processes with the quenching of Y,v and the excitation of Z,v , respectively. As for N 2 molecule we suggest to consider the rate of an intramolecular process independent on the kind of the colliders O 2 or N 2 . Actually experimental results by and Copeland et al. (1996) shown in Figs. 1, 2, 4 , 5 have indicated that the quenching rates on N 2 molecules are somewhat smaller, but the difference is not so important in our consideration of the kinetics of electronically excited O 2 . Therefore, the sum of concentrations [O 2 Here we consider the processes
and are main quenching mechanisms of these levels with the rate coefficients k 11 =2×10 −18 cm 3 s −1 and k 12 =2×10 −15 cm 3 s −1 (Morozov and Temchin, 1990) . The interaction of O 2 (b 1 + g , v=0) with O 2 is neglected since the corresponding rate coefficient is sufficiently less than k 12 (Kirillov, 2004b) and the concentration of O 2 is about one order less than [N 2 ] at the altitudes of lower thermosphere and mesosphere.
Calculated relative vibrational populations of the c 1 − u , A 3 u , A 3 + u states of O 2 at the altitude of 80 km are presented in . Similar populations at the altitude of 100 km are not shown here as far as there is not any principal change in the shapes of the curves. Results of the calculation are given in Figs. 11-13 for two cases. At first we have made the calculation without the inclusion of electronic energy transfer processes (4b). In the second instance the contribution of the processes (4b) is taken into consideration. The normalising of presented populations is made on the populations of vibrational level v=0 for the first instance. Figures 11-13 indicate obviously that these intermolecular processes are dominant in the population of Herzberg states at altitudes of lower thermosphere and mesosphere during auroral electron precipitation and the inclusion of the processes (4b) is very important in the study of electronic kinetics of O 2 .
The calculations for the a 1 g and b 1 + g states have shown that the population of the v=0 level is much greater than populations of other levels in both cases. This fact can be explained by very high rates of the (6) process with γ =a 1 , b 1 at v=0 and intermolecular processes
Calculated vibrational populations of the a 1 g (v ≥ 1) and b 1 + g (v ≥ 1) states of O 2 at the altitude 80 km are plotted in Figs. 14 and 15, respectively. As in the case of Herzberg states our results are presented for two cases of the absence and inclusion of the contribution of the processes (4b) in the calculation. The normalising is made on the population of Fig. 11 , but for the a 1 g state: 1 and 2 -without and with the contribution of processes (4b).
vibrational level v=1 without the consideration of the processes (4b). It is seen from Figs. 14 and 15 that there is an influence of these intermolecular processes on the population of high vibrational levels of singlet states at the altitudes of auroral lower thermosphere and mesosphere. This is related with cascades from Herzberg states to the a 1 g and b 1 + g states by radiational and collisional electron energy transfers. The calculation has shown that the influence of intermolecular processes (4b) on the populations of lowest vibrational levels of these singlet states is negligible. Obtained populations of lowest vibrational levels are explained by the excitation mainly in the (6) process. Considerable increase of the population for the v=3 level of the a 1 g state is related with intramolecular electron energy transfer process (12).
Emissions from Herzberg states of O 2 are observed in the nightglow of the atmosphere. The A 3 + u −X 3 − g electronic transition (Herzberg I bands) is the dominant emission from the Herzberg states in the earth's atmosphere, but the c 1 − u −X 3 − g (Herzberg II bands) and A 3 u − a 1 g (Chamberlain bands) transitions have also been identified (Broadfoot and Kendall, 1968; Slanger and Huestis, 1981) . Therefore, we consider our conclusion about the principal role of the N 2 (A 3 + u )+O 2 interaction in the kinetics of five electronic states of O 2 at the considered altitudes in auroral ionosphere as preliminary. Unfortunately, available experimental data from measurements of the O 2 bands in auroras do not allow to faithfully reproduce the mechanisms of the electronic excitation of molecular oxygen at the altitudes of high-latitude lower thermosphere and mesosphere. May be studies related with laboratory investigations of a discharge in the mixture of N 2 −O 2 shall help in the understanding of the role of these intermolecular processes in electronic kinetics of O 2 .
Conclusions
Here we presented the results of our calculation of the quenching rate coefficients for Herzberg states of molecular oxygen and three triplet states of molecular nitrogen in collisions with O 2 and N 2 molecules comparing the contributions of intamolecular and intermolecular electron energy transfer processes in the quenching. The calculated rate coefficients are applied in the study of electronic kinetics of N 2 and O 2 at the altitudes of high-latitude lower thermosphere and mesosphere.
The main results of these calculations are as follows.
1. It is obtained that both intramolecular and intermolecular electron energy transfer processes are important in the quenching of the c 1 − u , A 3 u , A 3 + u states of molecular oxygen and of the A 3 + u , W 3 u , B 3 − u states of molecular nitrogen in the collisions with N 2 and O 2 molecules. Results of the calculation of total quenching rate coefficients have shown a good agreement with available experimental data.
2. The study of vibrational populations of electronically excited N 2 at the altitudes of high-latitude lower thermosphere and mesosphere during auroral electron precipitation has shown that collisional processes cause an enhancement in the population of high vibrational levels of the A 3 + u state with the rise in atmospheric density. The behaviour of this state correlates with the behaviour of the B 3 g state considered by Benesch (1981 Benesch ( , 1983 ), Morrill and Benesch (1996) , Kirillov (2008a 
